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(57) ABSTRACT

We have mnvented an EUV spectroscopic polarimeter includ-
ing a light receiving element, a first polarizing modulation
clement, a second polarizing modulation element, an energy
splitting element and a light detecting and analyzing appa-
ratus. The light recerving element 1s for recerving a target
light. The first polarizing modulation element 1s rotatably
connected to the light recerving element for generating a first
polarized light. The second polarizing modulation element 1s
rotatably connected to the first polarizing modulation ele-
ment for generating a second polarized light. The energy
splitting element receives the second polarized light so as to
generate a modulated-polarization and energy-resolved
light. The light detecting and analyzing apparatus receiving
the polarization-modulated and energy-resolved light and
providing a spectrum information by an analyzing algorithm
which 1s able to retrieve the helicity, ellipticity, tilt angle and

the degree of polarization for the whole spectrum of the
target light.
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1
EUV SPECTROSCOPIC POLARIMETER

BACKGROUND

Technical Field

The present disclosure relates to an optical measuring
device. More particularly, the present disclosure relates to an
EUV spectroscopic polarimeter.

Description of Related Art

Recently, generation and application of Extreme Ultra-
violet (EUV) 1s getting more important 1n the related indus-
try, and people would like to obtain complete optical char-
acteristics of EUV for lithography as well as resolving the
churality and magnetization of elements and materials.

Nowadays, measuring device, such as ellipsometer has
been used widely to film thickness for single layers or
complex multilayer stacks ranging from a few angstroms or
tenths ol a nanometer to several micrometers with excellent
accuracy. How to precisely characterize EUV polarization 1s
the crucial technique for the next generation spectroscopic
cllipsometry 1n the ultraviolet spectral region, since polar-
1zed EUV has become the primary light source for the next
generation high-volume manufacturing of semiconductor
device. Ellipsometer relies on a precise polarimeter that
measures the change of polarization upon reflection or
transmission of samples. Based on the analysis of the change
of polarization of light, ellipsometry can yield information
about layers that are thinner than the wavelength of the
probing light itself, even down to a single atomic layer.
Further, an energy-resolved EUV polarimeter, which pre-
cisely characterizes the polarization of EUV light as a
function of the light’s wavelength or energy (spectra),
becomes an essential apparatus.

However, the characterization of EUV polarization 1s very
challenging. Unlike light 1n the IR and visible region, EUV
light 1s highly absorbed by any materials. There are no
high-transmission elements, ¢.g., wave-plates, and polariz-
ers, 1n the EUV and soft X-ray region of the spectrum. The
next-generation surface characterization will highly rely on
EUV light. Spectroscopic ellipsometry will employ broad-
band EUV light sources, which access to a large number of
fundamental physical properties, for instance, the refractive
index, band-to-band transitions, or electronic properties.

Hence, a measuring device which can measure more
complete characterization of EUV polarization, such as the
helicity, the ellipticity, the tilt angle, and the degree of
polarization are needed 1n the related industry.

SUMMARY

According to one embodiment of the present disclosure,
an EUV spectroscopic polarimeter includes a light receiving
clement, a first polarizing modulation element, a second
polarizing modulation element, an energy splitting element
and a light detecting and analyzing apparatus. The light
receiving element 1s for recerving a target light. The first
polarizing modulation element 1s rotatably connected to the
light receiving element, wherein the target light passes
through the first polarizing modulation element so as to
generate a first polarized light. The second polarizing modu-
lation element 1s rotatably connected to the first polarizing
modulation element, wherein the first polarized light passes
through the second polarizing modulation element so as to
generate a second polarized light. The energy splitting
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2

clement receives the second polarized light so as to generate
a polarization-modulated and energy-resolved light. The
light detecting and analyzing apparatus receiving the polar-
1zation-modulated and energy-resolved light and providing a
spectrum information, wherein the spectrum information
comprises at least one energy information.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a schematic view of an EUV spectroscopic
polarimeter according to one embodiment of the present
disclosure.

FIG. 2 1s a schematic view of the first polarizing modu-
lation element and a horizontal plane according to the
embodiment of FIG. 1.

FIG. 3 shows the polarization states at the four photon
energies of the target light depicted in the polar plots.

FIG. 4 shows polarization states of the target light mea-
sured by the EUV spectroscopic polarimeter (Retrieval)
according to FIG. 1 and an EUV polarizor result (Polarizor).

DETAILED DESCRIPTION

FIG. 1 shows a schematic view of an EUV spectroscopic
polarimeter 100 according to one embodiment of the present
disclosure. In FIG. 1, the EUV spectroscopic polarimeter
100 includes a light receiving element 110, a first polanzing
modulation element 120, a second polanzing modulation
clement 130, an energy splitting element 140 and a light
detecting and analyzing apparatus 150. The light receiving
clement 110 1s for receiving a target light. The first polar-
1zing modulation element 120 1s rotatably connected to the
light receiving element 110, wherein the target light passes
through the first polarizing modulation element 120 so as to
generate a first polarized light. The second polarizing modu-
lation element 130 1s rotatably connected to the first polar-
1izing modulation element 120, wherein the first polarized
light passes through the second polarizing modulation ele-
ment 130 so as to generate a second polarized light. The
energy splitting element 140 receives the second polarized
light so as to generate a polarization-modulated and energy-
resolved light. The light detecting and analyzing apparatus
150 receives the polarization-modulated and energy-re-
solved light and providing a spectrum information, wherein
the spectrum information includes at least one energy nfor-
mation. Therefore, the EUV spectroscopic polarimeter 100
can measure the polarization properties of wide bandwidth
light stmultaneously so as to increase the measuring speed.

In detail, the target light can be EUV or soit X-ray beams,
but will not be limited thereto.

The first polarizing modulation element 120 can include
a vacuum chamber 121, at least one reflection member and
a motor 123, wherein, according to the embodiment of FIG.
1. a number of the at least one reflection member of the first
polarizing modulation element 120 1s three, which are
reflection members 122a, 1225, 122¢, but the present dis-
closure will not be limited thereto. The vacuum chamber 121
1s connected to the light recerving element 110, the reflection
members 122a, 1225, 122¢ are located in the vacuum
chamber 121. The motor 123 1s for rotating the vacuum
chamber 121 or the at least one reflection member; specifi-
cally, according to the embodiment of FIG. 1, the motor 123
1s for rotating the vacuum chamber 121, but the present
disclosure will not be limited thereto. Further, each of the
reflection members 122a, 1225, 122¢ can be gold mirrors,
but the present disclosure will not be limited thereto.
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The second polarizing modulation element 130 can
include a vacuum chamber 131, at least one reflection
member and a motor 133, wherein, according to the embodi-
ment of FIG. 1, a number of the at least one reflection
member 1s three, which are reflection members 132a, 1325,
132c¢, but the present disclosure will not be limited thereto.
The vacuum chamber 131 1s connected to the vacuum
chamber 121 of the first polarizing modulation element 120.
The reflection members 132a, 1325, 132¢ are located 1n the
vacuum chamber 131 of the second polarizing modulation
clement 130. The motor 133 is for rotating the vacuum
chamber 131 of the second polarizing modulation element
130 or the at least one reflection member of the second
polarizing modulation element 130; specifically, according,
to the embodiment of FIG. 1, the motor 133 1s for rotating,
the vacuum chamber 131 of the second polarizing modula-
tion element 130. Further, each of the reflection members
132a, 1326, 132¢ can be gold mirrors, but the present
disclosure will not be limited thereto.

According to the embodiment of FIG. 1, the energy
splitting element 140 1s a grating, and 1s made of gold
coating. However, 1n other embodiments of the present
disclosure, the energy splitting element 140 can be any
diffraction element, such as prisms and gratings, and the
present disclosure will not be limited thereto.

According to the arrangement of the light receiving
clement 110, the first polarizing modulation element 120, the
second polarizing modulation element 130 and the energy
splitting element 140, the polarization of the target light can
be modulated, so that the light detecting and analyzing
apparatus 1350 can provide the spectrum information of the
target light, and also resolve their polarization informations
(energy-resolved polarization informations). Each energy
information can include the ellipticity (the ratio of the minor
axis to the major axis of elliptically polarized light), the
helicity (left-handed or right-handed circular polarization),
the t1lt angle, and the degree of polarization (energy portion
of pulses that 1s polarized) of the target light. In the mean-
while, both amplitude and phase modulations given by the
first polarizing modulation element 120 and the second
polarizing modulation element 130, together with the ampli-
tude modulation of the energy splitting element 140 between
s-polarization and p-polarization can be solved simultane-
ously.

The light detecting and analyzing apparatus 150 can
provide polarization states, Stoke parameters, for whole
spectrum, that 1s, the light detecting and analyzing apparatus
150 can provide spectrum and also their polarization states
according to the nine parameters (the nine unknowns),
which are four Stoke parameters of the target light, an
amplitude modulation of the first polarizing modulation
clement 120, a phase retarder of the first polarizing modu-
lation element 120, an amplitude modulation of the second
polarizing modulation element 130, a phase retarder of the
second polarizing modulation element 130, and an ampli-
tude modulation of the energy splitting element 140. Please
refer to FIG. 2, which 1s a schematic view of the first

Sout =9 = KX F(S1 /S50, 52750, 53 /50, Y1, ¥2, V3, A1, Ay @, B),
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polarizing modulation element 120 and a horizontal plane X
according to the embodiment of FIG. 1. In detail, in FIG. 1
and FIG. 2, due to the mndependent rotating structure (the
motors 123, 133) of the first polarizing modulation element
120 and the second polarizing modulation element 130, the
first polarizing modulation element 120 can be rotated along
a rotating direction ¢, the second polarizing modulation
clement 130 can be rotated along a rotating direction 3, and
the rotating angles can be defined as the angle of each of the
first polanzing modulation element 120 and the second
polarizing modulation element 130 respective to the hori-
zontal plane X.

In one example of the embodiment of FIG. 1, the photon
energies ol the target light are 23 eV, 26 ¢V, 29 eV and 32
¢V, and each of the first polarizing modulation element 120
and the second polarizing modulation element 130 provides
four angles, so that 16-(a,{3) combinations are applied, such
as (0, 0), (0, w/4), (0, w/2), (0, 3r/4), (n/ 4, 0), (/4, w/4), (t/4,
w/2), (w/4, 3n/4), (w/2, 0) (7/2, m/d), (n/2, m/2), (m/2, 3m/4),
(3m/4, 0), Bn/4, n/4), (3n/4, n/2), and (3m/4, 3m/4).

Each of the Stoke parameters of the target light 1s S, .
After the target light passing through the first polarizing
modulation element 120, the second polarizing modulation
clement 130 and the energy splitting element 140, the light
detecting and analyzing apparatus 150 can provide the Stoke

vector of the output target light S_ | as the formulas (1), (2)
and (3).

QLT

Sour = M(y3, B3)R(=LIM (y2, B2)R(LIR(—)M (y1, A1 JR(@)Siy; (1)

1 cos2y 0 0 (2)
cos2y 1 0 0
M(y, A) = . P
0 0  sin2ycosA —sinZysinA
0 0 sin2ysinA  sin2ycosA |
and
1 0 0 0 (3)
0 cos28 sin26 0O
R(0) = _ .
0 —sin26 cos2f 0O
0 0 0 1|

Wherein M 1s Mueller matrix defined to transform the
incident Stoke vector into the exiting Stoke vector, R 1s
rotation matrix, vy is the amplitude modulation of the first
polarizing modulation element 120, v is the amplitude
modulation of the second polarnizing modulation element
130, v° is the amplitude modulation of the energy splitting
element 140, A, 1s the phase retarder of the first polarizing
modulation element 120, A, 1s the phase retarder of the
second polarizing modulation element 130, a and {3 are the
angles of the first polarizing modulation element 120 and the
second polarizing modulation element 130, respectively.

After expanding the whole matrix chains, S_ . can be
obtained as the formula (4):

QUL

(4)

= K + cos2ysz{(cos2fsin2f — cos2 fsin? Hsinly,cosis ) X

|51 / So(cos2asin2a — cos2asinZasin2y cosA ;) +

KsinZacosZy; + 55 /.5 [(sin2a)” + (CGSZ&,’)ZSiHQj/l cosA || —
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-continued
Ss / Socos2asin2y sinA; ] + [(cos28)* + (sin28)*(sin2y, cosA, ] X

|Kcos2acos2y; + .55 [ Solcos2asinl2a — cosZ2asin2asinZycosA| | +

S1 /So[(cos2a)® + (sin2a)*sin2y cosA ] + .55 / Sosin2asin2y; sinA; ] +

cos2fcos2y, | K + .81 /Socos2acosly; + S5 /SpsinZacosZy | +

sin? Bsin2y, sind, [S3 [ SesinlycosA ) +.55 / Spcos2asinly, sinA | —

St/ Sosin2asin2y sind |} + cos2fcos2y,{KcosZacos2y +

2 [ So(cosZasin2a — cosZasinZasinZy cosAy) +

S/ Sg[(CD’SQ&’)z + (sian)zsinQ}q cosAq | +.55 / Spsin2asinZy cosA |} +

sin2Hcos2ys{.Sy [ So(cos2asinla — cos2asin2asinly;cosA;) +

Ksin2acos2y, + .5, /.S [(sin2a)* + (cmsQw)zsinQ}fl cosA; | —

N3 [ Spcos2asin2y;sinAy } +.5) /Socos2acos2y; + 55 [ Spsin2acos2y;;

where K 1s a constant of the broadband EUV spectroscopic
polarimeter 100. Thus, there are nine unknowns, K, S,/S,,
S./Sq, S:/S, Vi, Vs Vi, Ay, A, and nine different equations
by changing the angle o of the first polarnizing modulation
clement 120 and the {3 of the second polarizing modulation
clement 130 are needed to solve the nine unknowns. In
addition, an energy splitting element 140 and a light detect-
ing and analyzing apparatus 150 obtain the spectrum.
According to the example, 16-(c., ) combination angles of
(0, 0), (0, 7/4), (0, m/2), (0, 3n/4), (7/4,0), (w/4, nd), (7/4,
n/2), (m/4, 3n/4), (w/2, 0), (n/2, m/4), (n/2, m/2), (/ 2, 3m/4),
(3m/4,0), Bn/4, /), (3n/4, m/2), and (3n/4, 3nt/4) respective
to the horizontal plane X are selected.

Nine equations are applied to the genetic algorithm to
mimmize the deviation between those 16-(a, {3) theoretical
values by using equation (4) and the experimental observa-
tions. Hence, the Stoke parameters S,, S,, S; can be solved
by the above 16 equations, so as to further calculate the
cllipticity ¢ the degree of polarization p, and the tilt angle ©

as the formulas (35), (6) and (7):

(5)

(6)

p= Sa
and
1 S, (7)
= —atan| —
2 (51]

Please refer to FIG. 3 and Table 1, wherein FIG. 3

represents the polarization states of the four photon energies
of the target light depicted 1n the polar plots, and Table 1 1s
the polarization information of each of the photon energies
of the target light which are characterized by the light
detecting and analyzing apparatus 150.

TABLE 1
Photon Degree of
energy Tilt angle polarization
(eV)  Helicity Ellipticity (degrees) (%)
23 R 0.761 -8.8 100.9
26 R 0.72 -18.9 100.2
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TABLE 1-continued

Photon Degree of
energy Tilt angle polarization
(eV)  Helicity Ellipticity (degrees) (%)
29 R 0.663 -25.2 85
32 R 0.584 -29.2 81.3

According to the FIG. 3 and Table 1, 1t 1s known that the
EUV spectroscopic polarimeter 100 can provide energy-

resolved polarization information of the target light.

FIG. 4 shows polarization states of the target light (EUV)
measured by an EUV polarizer (Polarizor mode), and the
broadband EUV spectroscopic polarimeter 100 (Retrieval
mode) according to FIG. 1. For the validity confirmation of
the energy-resolved polarimeter, a comparison was made by
delivering two individual experiments. The first experiment
(Polarizor mode) 1s to record the transmission of EUV light
in one certain rotating sequence of o and . In this example,
we sample 24 points of the transmission of 32 eV light
source by rotating two chambers incrementally m 360
degrees at the condition of a=p. The solid line 1n FIG. 4
presents the EUV transmission as a function of the rotating
angle .. The following second experiment (Retrieval mode)
1s delivered to measure the EUV transmissions at the 16-(a.,
3) combinations of [0, 0], [0, /4], [0, 7/2], [0, 3m/4], [7/4,0],
/4, n/4], [n/4, w/2], [/4,3n/4], [7/2,0], [7/2, n/4], [n/2,
/2], [m/2,3n/4], [3n/4, O], [3n/4, w/4], [3n/4, /2] and
[31t/4,31/4]. Then listing these 16 equations based on equa-
tion (4), we solve and retrieve the polarization state of the 32
eV light source using a genetic algorithm, while also obtain-
ing all unknowns parameters of amplitude and phase modu-
lations from two rotating sets, and the amplitude modulation
of the EUV grating between s- and p-polarizations. Based on
those retrieval parameters, the dashed line 1s generated from
the Mueller matrix calculation (equation (1)), following the
angle sequence of the first experiment, 1n which a=[. Two
curves match with each other very well 1n the polar diagram,
directly proving the validity of the energy-resolved EUV
polarimeter.

Hence, according to the present disclosure, the EUV
spectroscopic polarimeter can be taken as an energy-re-
solved polarimeter, which includes two rotatable sets of
reflective polarizer (that 1s, the first polarizing modulation
clement and second polarizing modulation element) and one
diffraction element (that 1s, energy splitting element), has
extended the spectral range of the EUV spectroscopic pola-
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rimeter to the EUV and soft X-ray spectral region with
unprecedented sensitivity because of their short wave-
lengths.

Although the present disclosure has been described 1n
considerable detail with reference to certain embodiments
thereol, other embodiments are possible. Therefore, the
spirit and scope of the appended claims should not be limited
to the description of the embodiments contained herein.

It will be apparent to those skilled 1n the art that various
modifications and variations can be made to the structure of
the present disclosure without departing from the scope or
spirit of the disclosure. In view of the foregoing, it 1s
intended that the present disclosure covers modifications and
variations of this disclosure provided they fall within the
scope of the following claims.

What 1s claimed 1s:

1. An EUYV spectroscopic polarimeter, which 1s operated
in a vacuum-based environment, comprising;:

a light entrance for receiving a target light;

a first polarizing modulation element rotatably connected
to the light entrance, wherein the target light passes
through the first polarizing modulation element so as to
generate a first polarized light;

a second polarizing modulation element rotatably con-
nected to the first polarizing modulation element,
wherein the first polarized light passes through the
second polarizing modulation element so as to generate
a second polarized light;

dispersive element receiving the second polarized light so
as to generate a polarization-modulated and wave-
length-resolved light; and

a light detecting and analyzing apparatus receiving the
polarization-modulated and wavelength-resolved light
and providing a spectrum information, wherein the
spectrum information comprises at least one energy
information.

2. The EUV spectroscopic polarimeter of claim 1, wherein

the first polarizing modulation element comprises:

a vacuum chamber connected to the light entrance;
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at least one reflection member located in the vacuum
chamber:; and

a motor for rotating the vacuum chamber or the at least
one reflection member.

3. The EUV spectroscopic polarimeter of claim 2, wherein
a number of the at least one reflection member of the first

polarizing modulation element 1s three.

4. The EUYV spectroscopic polarimeter of claim 2, wherein
the second polarizing modulation element comprises:

a vacuum chamber connected to the vacuum chamber of
the first polarizing modulation element;

at least one reflection member located in the vacuum
chamber of the second polarizing modulation element;
and

a motor for rotating the vacuum chamber of the second
polarizing modulation element or the at least one
reflection member of the second polarizing modulation
clement.

5. The EUV spectroscopic polarimeter of claim 4, wherein
a number of the at least one retlection member of the second
polarizing modulation element 1s three.

6. The EUV spectroscopic polarimeter of claim 4, wherein
cach of the at least one reflection member of the first
polarizing modulation element and the at least one reflection
member of the second polarizing modulation element 1s a
gold mirror.

7. The EUYV spectroscopic polarimeter of claim 1, wherein
the dispersive element 1s a grating.

8. The EUV spectroscopic polarimeter of claim 1, wherein
the dispersive element 1s a prism.

9. The EUYV spectroscopic polarimeter of claim 1, wherein
the target light 1s EUV or soft X-ray beams.

10. The EUV spectroscopic polarimeter of claim 1,
wherein the light detecting and analyzing apparatus provides
wavelength-resolved Stoke parameters.

G o e = x
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